Background: older adults with total knee arthroplasty (TKA) frequently undergo rehabilitation to address limited knee flexion range-of-motion, quadriceps weakness and gait speed limitations. This study aimed to develop age-and sex-specific recovery curves of knee flexion range-of-motion, quadriceps strength and fast gait speed post-TKA. Methods: a population-based sample of 2,987 patients undergoing primary TKA participated, of whom 2015 (68%) were 65 years of age or older. At 4, 8 and 12 weeks post surgery, knee flexion range-of-motion, quadriceps strength and fast gait speed were quantified. Quantile regression was used to determine the percentiles of the knee and gait measures. Results: the various knee and gait measures improved nonlinearly over time, with substantial improvements observed in the 1st 8-10 weeks post surgery. Age-specific, sex-specific recovery curves were developed to show the recovery patterns at multiple percentile levels. A web interface was created to facilitate easy computation of the percentile rank for a given outcome value. Conclusions: we have provided reference percentile values for knee flexion range-of-motion, quadriceps strength and gait speed recovery post-TKA. Such information may assist rehabilitation professionals in interpreting outcomes and quantifying deviations from the expected recovery pattern.
Introduction
Total knee arthroplasty (TKA) is performed primarily on older adults with advanced stages of painful knee osteoarthritis. Following a TKA, patients frequently undergo rehabilitation to address physical impairments and functional limitations such as limited knee flexion range-of-motion, quadriceps weakness and gait speed limitations. To optimize functional recovery, rehabilitation professionals must be able to identify deviations from the expected course of recovery and to provide early intensive rehabilitation for patients at risk for poor long-term functional outcomes. To assist rehabilitation professionals in monitoring outcomes over time, recovery curves of knee range-of-motion, quadriceps strength and gait performance in TKA have been developed in few studies [1] [2] [3] [4] [5] , including one of ours [2] . However, previous studies have two limitations. First, previous recovery curves generated using linear-mixed and generalized least-squares regression show only a single, average (conditional mean) recovery pattern and whilst useful, they do not fully answer the often-asked and oftenchallenging clinical question, 'How am I doing compared to others?' In contrast, recovery curves generated using quantile regression [6] -analogous to childhood growth curvesshow recovery patterns at multiple percentiles (including the median) of the outcome measures, and thus quantify the percentile rank of a given patient score. Second, previous studies were small or had relatively few men (n ranged from 40 [1] to 262 [2] ) which precluded the generation of credible age-and sex-based quantile recovery curves [7] .
Thus, to complement previous work, our study aimed to describe the time course of knee flexion range-of-motion, quadriceps strength and fast gait speed post-TKA using quantile recovery curves in a population-based sample. Noteworthy, the present study included patients from our previous work [2] , which described the average recovery pattern of the knee impairments and gait speed measures in 1,025 patients with TKA.
Methods
Between July 2013 and June 2016, we identified 2987 patients age ≥50 years who underwent a primary unilateral TKA and postoperative outpatient physiotherapy at Singapore General Hospital-the largest tertiary teaching hospital in Singapore which performed half (53%) of all knee arthroplasties in the nation [8] . The SingHealth Centralised Institutional Review Board approved the study.
Outcome measures
At approximately 4, 8 and 12 weeks postoperatively, knee flexion range-of-motion, quadriceps strength and fast gait speed were obtained as part of the (~3-4 months) rehabilitation process. A long-arm goniometer was used to measure active-assisted knee flexion range-of-motion with the patients in supine position. Quadriceps strength was assessed isoinertially [9] using a seated knee extension machine (Cybex VR3, Medway, USA). Given concerns about patellofemoral pain in TKA, the knee range-ofmotion for the strength test was set from 90°to 40°of knee flexion. Quadriceps strength was determined using the one repetition maximum test, which is the maximum load the patient could lift once in good form [9] . Rest periods of 30 s were given between trials, and most patients reached their one repetition maximum load between the 3rd and 5th (the maximum number of trials allowed) trials. The one repetition maximum load of the involved quadriceps was recorded in pounds and normalized as a percentage of body weight (%lbs/BW). For the fast gait test, patients stood directly behind the start line and were clocked from the time the 1st foot crossed the start line until the lead foot crossed the 10-m finish line. Patients were instructed to 'walk as quickly as you can, but safely' and to finish at least 2 m past the finish line to eliminate the deceleration effects from stopping the walk. Each patient performed a familiarization trial (at a comfortable pace) before the actual trial. Good test-retest reliability for the knee range-ofmotion [10] , quadriceps strength [9] and gait speed measurements [11] has been demonstrated in previous studies.
Statistical analysis
To generate the recovery curves, we used multivariable quantile regression models [6] to compute the 25th, 50th and 75th percentile estimates of knee flexion, quadriceps strength and fast gait speed. As previous research has shown sex differences in the knee and gait outcomes [1, 2, 4, 5] , we estimated the recovery curves in men and women separately. All models included age and time (weeks since TKA) as independent variables. To avoid assuming linearity, we used restricted cubic regression splines [12, 13] with three knots for the variable age in all models, four knots for time in the quadriceps strength model, and three knots for time in all other models. To balance between flexibility and model overfitting, we used the Akaike information criterion to determine the number of knots. To account for data clustering within patients, all model-based standard errors were estimated using cluster bootstrap sampling [6] . In sensitivity analyses, patients who did and did not attend assessment sessions were compared on their preoperative and inpatient postoperative characteristics, and inverse probability weighting [14] was used to account for missing data (see Supplementary data, Appendix, available at Age and Ageing online). Although there was some evidence that the data may not be missing completely at random, the differences in results from the main and sensitivity analyses did not seem extreme. Hence, for simplicity, the quantile regression models remained unchanged. We used the quantreg [15] , rms [16] and ggplot2 [17] R packages (http://www.r-project.org) for all analyses and graphing. Table 1 shows the baseline characteristics of the total sample. All patients were assessed at least once during the three postoperative assessment timepoints, and 64% were assessed at least at two timepoints (see Supplementary data, Appendix, available at Age and Ageing online). Results from quantile regression models suggest that in both sexes, all knee and gait measures improved nonlinearly over time (P < 0.001 for nonlinearity in all outcomes). Specifically, a steep improvement rate was observed in the 1st 8-10 weeks post-TKA, beyond which the improvement over time was more gradual. Figure 1 shows the estimated 25th, 50th and 75th percentiles of all measures for men and women, respectively. For all outcomes, the scores for men were significantly higher than those for women (P < 0.001 in all comparisons).
Results
To facilitate results interpretation, we have developed an interactive, web-based Shiny 'app' [18] (https://sgh-physio. shinyapps.io/atomic/). With the app, users can visualize the age-and sex-specific recovery curves, estimate the percentile rank for a given outcome value, and download the results.
Discussion
In a population-based sample of 2,987 patients with TKA, we have developed age-and sex-based recovery curves for knee flexion range-of-motion, quadriceps strength and gait speed to potentially assist rehabilitation professionals in Recovery curves of TKA outcomes monitoring deviations from the average (conditional median) recovery course. Similar to previous studies [1] [2] [3] [4] [5] , these recovery curves indicate that the greatest improvement for the various outcomes occurred within the 1st 2-3 months post-TKA. For example, Stratford et al. [3] showed in 72 patients with TKA that knee flexion range-of-motion improved rapidly during the 1st 12 weeks post arthroplasty and plateaued at a mean of 114°. Our recovery curves (based on the median values) compared well with these observations. Different from previous work, however, the quantile recovery curves from this study provide information beyond the average recovery pattern. When confronted with the question 'How am I doing compared to others?' the rehabilitation professional could use the recovery curves to quantify the patient's progress in terms of percentile values. Because there are (i) multiple recovery curves derived from the various combinations of age and sex and (ii) multiple percentiles curves to be clearly displayed on a single recovery curve, we have developed an app which (i) constructs the age-and sex-specific recovery curves and (ii) computes the percentile rank for a given outcome value. By creating recovery curves on-the-fly and providing greater granularity, the app could potentially reduce the time burden associated with interpreting and analysing patient outcomes-a major barrier to routine outcome assessment in clinical practice [19] .
Our study has limitations. First, our recovery curves described the time course of the various outcomes in the acute post-TKA phase and thus, did not reveal the full trajectory. This is particularly so for the fast-gait-speed recovery curves which did not stabilize asymptotically (Figure 1) . Second, as also reported in similar previous studies [4, 5] , our missing data rate increased over time, with patients with lower physical function more likely to have missing data. Nonetheless, our findings compare relatively well with those from previous studies and sensitivity analysis also did not appreciably alter the results. Third, the 95% confidence intervals of the recovery curves were wider (indicating less precision) for men and at the more extreme percentiles, because of the relatively smaller numbers. Hence, caution must be exercised when interpreting the results. Fourth, we studied an Asian sample so the extent to which our results may apply to non-Asians is unknown. Nonetheless, as this study shows the potential utility of quantile recovery curves and interactive web applications in TKA outcome assessment, we hope it will encourage similar work in other racial/ethnic groups. (The relevant R codes are available on request from the 1st author.)
Conclusion
In a population-based sample that included patients from our previous work [2] , we have provided reference Recovery curves of TKA outcomes Key points
• A common question that confronts healthcare providers who manage patients with total knee arthroplasty is: 'How am I doing compared to others?' • We have developed recovery curves to assist healthcare providers in monitoring deviations from the average recovery course.
• We have also developed an app that would potentially reduce the time burden of results analysis and interpretation.
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